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INTRODUCTION 
The s t ruggle t o  improve the e f f i c i ency  of s i l i c o n  so la r  c e l l s  has been going 
on as long as these devices have been a commercial product. The reason i s  simply 
t h a t  e f f i c iency ,  as wel l  as operat ing l i f e ,  i s  an economic a t t r i b u t e  i n  t h e i r  
app l i ca t ion  as p a r t  o f  a system. Fig. 1 i l l u s t r a t e s  the e f f i c i ency  improvements 
made dur ing the t h i r t y  year existence of the s i l i c o n  so la r  ce l l s ,  from about 6% 
e f f i c iency  a t  the beginning t o  19% i n  the most recent experimental ce l l s .  
C e a r l y  the progress has no t  been a steady one. I n  the more s ta t ionary  periods, 
the e f f o r t  was more or iented towa -ds improving rad ia t i on  resistance avd y i e l d s  
or the production l ines,  while, i n  other  periods, the emphasis was more d i rec ted  
t o  reaching new leve ls  of e f f i c i ency  through be t te r  c e l l  design and improvpd 
mater ia l  processing. The l a s t  few years were again i n  such an "e f f i c i ency  push" 
period. and encouraging f i r s t  resu l t s  have been forthcoming f r o 1  the recent 
e f fo r ts .  Nevertheless, considerdbly mcre e f f i c i ency  advancement i n  s i  1 icon so la r  
c e l l s  i s  expected, and an t ic ipa ted  attainment o f  e f f i c i enc ies  s i g n i f i c a n t l y  above 
20% (AM 1.5) i s  being more and more discussed. Whether t h i s  goal w i l l  be 
achieved i s  an open question, as major advances i n  mater ia l  processing en: i n  
the resu l t i ng  mater ia l  perfect ion w i l l  be required. 
The achievements along the road t o  e f f i c i ency  improvement are best gauged 
by an analysis of the contr ibut ions o f  the i r d i v i d u a l  p r i nc ipa l  105s mechanisms 
t o  the overa l l  performance o f  a given device. 
Table I, which l i s t s  the ind iv idua l  performance a t l r i b u t e s  o f  the milestone so la r  
c e l l s  of the l a s t  f i f t e e n  years. 
ment represwted i n  the tab le  was or iented towards app l i cc t i on  i n  space. 
Therefore, the ava i lab le  performance data are a l l  based on AM9 so la r  rad iat ion,  
whi le  the data for the more recent c e l l s  are based on AM 1.5 sunl ight .  To permit 
comparison i n  Table I, the space c e l l  data were converted t o  AM 1.5 sunl ight ,  
using tne spectral  responses o f  the c e l l s .  
Such analyses are presented i n  
Between 1959 and 1978. a l l  so la r  c e l l  develop- 
Table I indicates t h a t  the improvements achieved i n  the 1970s on the space 
c e l l s  included p r imar i l y  an advancement o f  the c o l l e c t i o n  ef f ic iency,  and a 
reduct ion o f  the "secondary" loss factors ,  such as res idual  ref lectance, o r  
ser ies resistance losses. 
improvement f o r  t e r r e s t r i a l  appl i ca t ions , f u r t h e r  advances have been made i n  the 
reduct ion o f  the impact o f  these secondary losses, b u t  the main emphasis has been 
placed on the improvement of the voltages . 
I n  the more recent e f fo r ts ,d i rec ted  a t  e f f i c i e n c y  
A study o f  the data i n  Table I leads t o  an evaluat ion of the status of 
s i l i c o n  so la r  c e l l  technology: the technology i s  avai lab le t o  decrease a l l  the 
secondary loss mechanisms t o  the l eve l  where e f f o r t s  for  t h e i r  f u r the r  reduct ion 
w i l l  be f a i r l y  unproductive; the basic c o l l e c t i o n  e f f i c i ency  has been improved 
53 
https://ntrs.nasa.gov/search.jsp?R=19850023306 2020-03-20T17:33:23+00:00Z
t o  the po in t  where the beginning o f  i t s  "saturat ion"  w i t h  fur ther  reductions o f  
m i  no r i  t y  c a r r i e r  recombination has been reached; and fu r the r  improvements are 
p r i m r i l y  t o  be achieved i n  the area o f  voltage increases through reduced 
m i  nor ! ~y c a r r i  e r  recombi na ti on. 
MINORITY CARRIER RECOMBINATION AFtU SOLAR CELL EFFICIENCY 
' .  (: A study o f  the loss mechanisms and o f  t h e i r  impacts, as displayed i n  
Table I, reveals tha t  recombination o f  m ino r i t y  c i r r r ie rs  i s  the majo- basic 
e f f e c t  which present ly l i m i t s  the e f f i c i ency  o f  so la r  c e l l s .  
ef f ic iency value i s  associated w i t h  each leve l  o f  the recombination rP te  i n  the 
device. The u l  t inlate e f f i c iency  i s  reached when the only  e f f e c t i v e  recombina- 
t i o n  mechani sms are rad i  a ti ve and d i  r e c t  band- to-band recombi nation. 
Thus, a maximum 
An inves t i ga t i on  of the re la t i onsh ip  between recombination rates and 
maximum achievable e f f i c i ency  i s  most transparent when i t  i s  car r ied  out  3n 
the "basic" so la r  c e l l  (Fig. 2).  
are absolutely necessary f o r  i t s  funct ion ing as a so la r  c e l l .  
a volume f o r  the absorption o f  photons and generation of free charge car r ie rs :  
a po ten t ia l  b a r r i e r  f o r  the device t o  perform as 1 generator; and contacts f o r  
the ex t rac t ion  o f  a current. 
as idea!, a n i  omits a d i r e c t  considerat ion c r  t h e i r  funct ioning. 
ana;ysis 2150 chocses thcsf  impur i ty  concentrations which, i n  considerat icn o f  
minor i ty  c a r r i e r  recombination, provide the highest e f f ic iency.  
the same impur i ty  densi ty on both sides o f  the junct ion.  
This device contains only those par ts  which 
'hese par ts  are: 
The basic analysis even considers the contacts 
The idea l i zed  
I t  then uses 
Recmbination takes place both i n  the volurz! and a t  the surfaces o f  the 
device. I+. i s prac t i ca l  t o  s t a r t  the inves t iga t ion  w i th  the assumption tha t  a l l  
surface recombination v e l o c i t i e s  can be made equal t o  zero, and that the volume 
m.irlority c a r r i e r  l i f e t imes  are equal i n  a l l  par ts  o f  the device. This 
el iminates most irlfluences of the device s t ructure.  Alsc, o ther  device perfor- 
mance in f luenc ing  e f fec ts  are, a t  f i r s t ,  assumed t o  contr ibute zero losses. 
These considerations lead Ss CY:? 1 o f  Fig. 3, which represents e f f i c i e n c y  as 
function o f  the minor i ty  c a r r i e r  l i f e t i m e  i n  such an idea l i zed  device, essen- 
t i a l l y  as an upper l i m ' t  f o r  the achievable conversion e f f i c i enc ies .  
i s  bas i ca l l y  composed o f  two s t r a i g h t  l i n e s  i n  t h i s  semilogarithmic p l o t .  Below 
about 1 ms l i f z t ime,  where the curve i s  represented by the s t r a i g h t  l i n e  w i t h  
the greater  slope, the recombinatioii i s  s t r i c t l y  determined by a varying denzi ty 
o f  recomb:nation centers as described by the Shockley-Read-Hall theory. The 
resu l t i nq  va r ia t i on  o f  the l i f e t i m e  a t  constant r e s i s t i v i t y  i s  ind icated by the 
v e r t i c a l  p a r t  o f  the dashed l i n e  i n  F i g .  4. Above the value of approximately 
1 ms, the l i f e t i m e  i s  dominated by Auger recombination, t ha t  i s  d i r e c t  band-to- 
band recombination ra the r  tha t  recombination v ia  centers. 
t o  achieve a higher minor i ty  c a r r i e r  l i f e t i m e ,  the impur i ty  concentrat ion has 
t o  bc. reduced. 
ti ons o f  Shockley-Read-Hall type recombination and Auger recombination are 
equal, the dashed l i n e  i n  Fig.  4 approximately represents t h i s  condi t ion above 
the 1 ms l i f e t i m e  tralue. I n  t h i s  case, Shockley-Read-Hall recombination i s  
The curve 
From t h i s  p o i r t  on, 
As maximum sn la r  c e l l  performance i s  obtained when the contr ibu- 
the independence 
i fec ime)  up t o  the 
ms i fe t imes,  the 
IO 14 cm-3, 
assumed t o  be dominated by deep t rap leve ls ,  which resul  
o f  the l i f e t i m e  from the impur i ty  concentration (sa tura t  
t r a n s i t i o n  t o  Auger recombination. Thus, f o r  the 10 and 
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respect ively.  Also, because o f  the d i f ference i n  Auger coef f ic ients ,  a small 
d i f ference i n  the minor i ty  c a r r i e r  l i f e t i m e  values f o r  the n and the p reg;“n 
i s  obtained i n  these cases. 
As Fig. 4 shows, the l i f e t i m e  values i n  recent ly  obtained FZ ingots  f a l l  
Q, -’1 below the Auger 1 ine, and are thus domi x t e d  by recombination v i  a centers. 
For the e f f i c i ency  improvements expected i n  the fu ture,  i t  w i l l  become necessary 
t o  reduce the recombination center densi ty so f a r  t h a t  Auger recombination w i l l ,  
i n  e f fec t ,  become the l i f e t i m e  l i m i t e r .  
The dzta discussed so f a r  are those t y p i c a l l y  obtained by use o f  f u l l y  
ana ly t i ca i  modeling. Such modeling i s  r e s t r i c t e d  t o  low leve l  i n j e c t i o n .  
Estimation o f  the excess minor i ty  c a r r i e r  densi t ies i n jec ted  across the junct ion 
a t  open r i r c u i t  voltage s k l r s  t ha t  the low leve l  i n j e c t i o n  condi t ion (e.g., 
np << s t a r t s  t o  be v io la ted  between the 1 ms and :O ms bulk  l i f e t i m e  
values. This would no t  be o f  much consequence were i t  not  f o r  the fact  t ha t  tk,e 
minor i ty  c a r r i e r  li fetime values nave been chosen t o  be a t  the edge o f  dor i  na- 
t i o n  by Auger recombinction. 
decrease f o r  increasing l i f e t ime  values, whi le  the excess minor i ty  c a r r i e r  
concentrations increase. Thus, the e f f e c t i v e  l i fe t imes are determined by the 
excess c a r r i e r  concentrations, because of Auger recombination, ra the r  than by 
the recombinaticn center density. This leads t c  an ef f ic iency saturat ion which 
i s  indicated iQFig.  3 by the wavy l i nes .  Such an e f f i c i ency  l i m i t a t i o n  has 
recer,tly a lso been discussed by Green i l l  and 5y Tiedje eL 31 [2;, who both 
found t h i s  l i m i t a t i o n  t o  be less severe for  very t h i n  ce l l s ,  wherk f t  ac tua l l y  
can approach the rad i  a ti ve reccmbi na ti on 1 i m i  t near 30%. 
I n  consequence, the impur i ty  densi t ies had t o  
I t  has been seeti repeatedly tha t  the influence of the surface recombination 
ve loc i t y  on the e f f i c i ency  has the shape of an S-curve (Fig.  5), with p r x t i -  
c a l l y  no performance impact below a ce r ta in  valiie o f  surface recombination 
ve loc i ty .  Above t h i s  value, the so la r  c e l l  pe r fomnce  fa1 I s  o f f  ra the r  
rap id ly ,  u n t i l  i t  reaches a lower sa tura t ion  leve l .  
t o  determine t h i s  threshold value f o r  the surface recombination ve loc i ty .  
a range o f  surface recombinatir 
c a r r i e r  1 i fe time, surface recombi na t! on threshold values have been de termi ned , 
defined as tha t  value a t  which the power output of the device has been reduced 
by 2.5%, from i t s  s = 0 value. 
the back surface, and then for  the f r o n t  surface, leading t o  a t o t a l  reduct ion 
i n  power output o f  5%. Surface recornbination on the general ly narrow edges o f  
the device has been neglected i n  t h i s  process. The r e s u l t  i s  curve 2 i n  Fig.  3. 
The surface recombination ve loc i t y  threshold values themseives are given i n  
Fig. 6. Two curves are presented, as the threshold values d i f f e r  f o r  the f r o n t  
and the base surface recombina+ion ve ioc i  :ies f o r  the given device s t ructure,  
which has a nominal junctio’l depth o f  2 pm. I t  i s  noteworthy tha t  the surface 
recombination ve loc i t y  thresholds l i e  aboqfe 100 cm/s, and i n  the 30-60 cm/s 
range f o r  bulk l i f e t i m e s  o f  100 ps and 1 ms, respect ive ly  Such ve loc i t y  values 
are at ta inable w i t h  current  technology. However, t o  achieve the highest 
e f f i c i ency  values, the surface recombination ve loc i t i es  have t o  be reduced below 
the 1 cm/s leve l .  
I t  i s  thus o f  i n t e r e s t  
ve loc i t y  values fo r  each value o f  m ino r i t y  
This process has been car r ied  ou t  f i r s t  f o r  
Using 
I n  the device geometry chosen, the n i n o r i t y  - r i e r  l i f e t i m e  i n  the f r o n t  
region can be less tban assumed f o r  F i g .  3. .1 r.. ,. ~ t i v i t y  analysis s i m i l a r  t o  
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"threshold" value for the f r o n t  region minority carrier lifetime. 
as that value a t  which the power o u t p u t  i s  degraded by 1%. The r e s u l t i n g  l i fe -  
time is  shown i n  Fig. 7 for  the various efficiency levels. As Fig.  7 shows, 
the threshold front region minority carrier lifetimes are approximately two 
orders of magni t u &  lower than those required for the bsse region. These lower 
front region values are more readfly achievable i n  device fabricztion than the 
original h igher  ones. 
I t  i s  defined 
Finally, there is an optimum device thickness connected w i t h  every minority 
carrier lifetime value. T h i s  thickness constitutes the peak value of a rather 
f l a t  maximum. Figure 8 presents the optimum base thickness as function of the 
minority carrier lifetime for the efficiency values of Fig. 3. 
Fig. 8 that a 500 vm thick device is best for lifetime values above 1 ms, with 
the optimum thickness dropping off rapidly for lower lifetime values. The 
application of texturing was found to permit t h e  u;e of a reduced thickness, 
as would be expected from i t  as we1 1 as from other l i g h t  trappins measures. B u t  
i t  is also seen t h a t  the t e x t w i n g  provides only a small efficiency improvement 
a t  the highest  efficiency values,as indicated by the cross in Fig. 3. 
To obtain a conception of real is t ical ly  achievable efficiencies, the values 
of curve 2 i n  Fig. 3 have been reduced by another lo%, i n  order t o  account for 
the effects of the secondary losses. I t  i s  known that these losses, i n  combina- 
tion, are reduceable to this level by application of the best current technolo- 
gies. 
base minority carrier lifetime of 100 us, an efficiency of 13.8% should be 
achievable, which i s  a value n q t  much above the one achieved so fa r  i n  +he best 
devices w i t h  somewhat lower lifetimes. I t  also shows that a lifetime value near 
a mill+ .econd will be needed to achieve 22% efficiency. While millisecond 1 .fe- 
times should be achievable by a combination o f  today's best technologies i n  
semiconductor material processing, the achievement of efficiencies above 22% 
will require a considerable advancement of the material science of silicon. 
I t  is seen i n  
T h i s  10% reduction leads t o  curve 3 i n  Fig. 3. I t  shows t h a t  w i t h  a 
CONCEPTS FOR HICH EFFICIENCY SOLAR CELL 9ESIGN 
Evaluatinq the current status of silicon solar cell technology (sumnarized 
i n  Table 11) makes i t  evident that  the technoloqy i s  available to reduce a l l  
the contributions from secondary loqs mechanisms to the level of maximally 
2 to 3% each. T h i s  will be close to the practically achievable limits. 
Secondary loss mechanisms are those which are determ ;led by technology factors, 
and which have a fundamental limit o f  ze-3, w i t h  the excoption of the collection 
efficiency. These secondary losses include the reflectdnce, shading  due t o  
front surface metal coverage, Jaule losses due t o  series resistance, excess 
junction current, etc. 
The evaluation also shows that the (internal) collection efficiency i s ,  
i n  a l l  modern cells.  significantly above 90%. 
cnilection efficiency increasks only slGwly with further reductions of minority 
carrier recombination, giving the effect  of an apparent "saturation." 
tinues t o  increase significan ,ly with continued reduction of minority carrier 
recombination. 
I t  has also been found t h a t  the 
In  contrast to  the collection efficiency, the open circui t  voltage con- 
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f o r  improvement a t  the current status o f  solar c e l l  technolo-gy. The curve 
factor, f i n a l l y ,  increases together wi th  the open c i r c u i t  voltage, although i t s  
increase proceeds s t  a smaller rate. 
A review o f  the progression twards the current high level  of s i l i c o n  solar 
performance indicates tha t  t h i s  level  has been accomplished only by taking c e l l  
a global view o f  the device. The expression "global view" means simultaneously 
considering the influence o f  a l l  loss mechanisms, and reducing each o f  them t o  
the lowest possible level  (Table 111). 
performance determining mechanisms, which act on the same a t t r i b u t e  and which 
cannot be reduced t o  zero, then the optimum performance i s  generally obtained 
when the d i f ferent  contributions are brought t o  equal, low levels.  This rule, 
f o r  instance, applies t o  the contr ibutions t o  the saturation current from the 
base and from the f r o n t  region. A device where the saturation current i s  
c lear ly  dominated by one o r  the other region i s  not optimized u n t i l  the higher 
contr ibution i s  brought down t o  the level  o f  t ha t  from the other region. 
I n  fact, where there are several 
The e f f o r t s  towards ef f ic iency improvement have so f a r  led t o  a number of 
"add-ons" t o  the basic c e l l .  They include: 
t o  reduce the f ron t  layer sheet resistance; ( 2 )  a single o r  dual layer an t i -  
re f l ec t i on  coating; (3)  textur ing of the f ron t  surface to  enhance the ant i -  
re f l ec t i on  e f fec t  and t o  increase the e f fec t i ve  in ternal  opt ica l  path length; 
(4) an opt ica l  r e f l e c t o r  a t  the back surface t o  increase the opt ica l  path 
length ( " l i g h t  trapping"); (5 )  passivating layers a t  the f r o n t  and back surfaces 
t o  lower the e f fec t i ve  surface recombinatior: veloci t ies;  (6)  potent ia l  steps o r  
d r i f t  f i e l d  regions; (7) i so la t i ng  layers; arid (S) reduced area metal l izat ion 
(dot contacts)--the l a s t  three also pr imar i ly  f o r  the reduction o f  the e f fec t i ve  
surface recombination veiocity. This could lead t o  a complicated device 
structure (Fig. 9). A t  least  p a r t  of the purpose o f  applying the measures (3)  
t o  (8) i s  t o  reduce the recombination rates o f  minor i ty carr iers, and t h e i r  
effects and l imi ta t ions w i l l  be considered i n  the following. 
(1) a g r i d  metal l izat ion structure 
The discussions up t o  t h i s  po int  have shown that the reduction o f  minor i ty 
carr ier recombination i s  the key element i n  achieving s ign i f i can t  fur ther  
improvements i n  s i l i c o n  solar c e l l  performance. Contemplation o f  the subject 
reveals that  there are essent ia l ly  three pr inc ipa l  paths avai lable t o  the 
reduction o f  recombination (Table iV). The f i r s t  i s  the normally considered 
avenue o f  decreasing the density c f  recombination centers. 
accomplished i n  the volume of the device and on i t s  sarfaces. 
i s  the reduction of the volume of the material, o r  o f  i t s  surface area, both of 
ahich contain the recombinaticn centers. For the volume, the cowept i s  to  
u t i l i z e  " t h i n  layers" which means that  t h e i r  thickness i s  smaller than the 
d i f f us ion  length, while, f o r  surfaces, i t  i s  p r i nc ipa l l y  t o  reduce the t o t d l  
surface area which contains recombination centers For solar c e l l s  t h i s  would 
be possible only by using opt ica l  cmcentration. A secondary approach i s  t o  
reduce areas o f  unavoidably high surface recombination veloci ty i n  favor of 
surfaces wi th  a lower surface recombination velocity. The typical  example o f  
this approach i s  the reduction o f  the ohmic contact area ("dot contacts"). The 
t h i r d  avenue, f i n a l l y ,  i s  that  o f  reducing the density o f  the Excess minor i ty 
carr iers, as the recombination currents both f o r  the volume and for the surfaces 
are proportional t o  the excess minor i ty ca r r i e r  concontration. The density of 
the excess minor i ty Carrie,-; can be reduced, e.g., i f  t h e i r  f low towards the 
outside o f  the volume i n  .Ich recombination occurs, can be accelerated. This 
This has to  be 





p a r t i c u l a r  approach i s  avai lab le for minor i ty  ca r r i e rs  generated by the absorp- 
t i o n  a f  l i g h t ,  which means f o r  the improvement of the co l l ec t i on  ef f ic iency.  A 
second method i s  t o  "shield" the areas w i t h  higher excess minor i ty  c a r r i e r  density 
fm the areas w i t h  higher recombinatior! ra tes by steps of the e l e c t r o s t a t i c  
po ten t ia l  i n  the appropriate d i rec t ion .  
excess minor i ty  ca r r i e rs  w i t h i n  the region of higher recombination rates. 
t h i r d  approach i s  t o  i s o l a t e  regions o r  surfaces w i t h  high recombination rates, 
such as the metal/semiconductor boundaries a t  the contacts, from the regions 
with higher minor i ty  c a r r i e r  density by an in tervening " th i ck  layer." The 
e f fec t  o f  t h i s  " i s o l a t i n g  layer" i s  t h a t  the region w i t h  the higher excess 
minor i ty  c a r r i e r  density "sees" the bulk recombination r a t e  o f  the in tervening 
layer  ra ther  than the higher surface recmbina t ion  r a t e  a t  the other  bounlary 
o f  the th ick  layer. The f i n a l  approach u t i l i z e s  an increased dopant concentra- 
t ion.  
ca r r i e rs  across a forward biased poten ti a1 ba r r i e r .  
This leads t o  a lower density o f  the 
The 
This i s  p a r t i c u l a r l y  e f f e c t i v e  i n  the case o f  i n j e c t i o n  o f  minor i ty  
Having recognized the p r inc ipa l  concept f o r  the reduction of minor i ty  
c a r r i e r  recombination, the question turns t o  the implementation o f  these con- 
cepts. A number o f  device s t ructures and of design concepts are avai lable, each 
of which addresses one o r  two of the p r inc ipa l  paths t o  recombination reduction. 
Reducing the volume o f  the semiconductor i n  which e x z s s  minor i ty  ca r r i e rs  
are present, as a means f o r  reducing recombination, i s  elucidated by considering 
the re la t ionsh ip  for the diode current  (Table V ) .  This current  i s  proport ional 
t o  the t ranspor t  ve loc i t y  which, f o r  i n f i n i t e l y  t h i c k  layers, equals the r a t i o  
o f  d i f f u s i o n  length t o  minor i ty  c a r r i e r  l i f e t ime .  For layers which are t h i n  
compared t o  the d i f f u s i o n  length, however, the t ranspor t  ve loc i t y  approaches the 
r a t i o  of the l aye r  thickness t o  the minor i ty  c a r r i e r  l i f e t ime .  
reduction of the thickness fur ther  reduces the recombination current. I n  a 
so la r  c e l l  i n  the open c i r c u i t  condition, where the diode current  has t o  equal 
the l i g h t  generated current, the in jec ted  excess minor i ty  c a r r i e r  density i s  
proport ional t o  the inverse t r a w p o r t  ve loc i ty ,  t ha t  i s  proport ional t o  the 
minor i ty  c a r r i e r  l i f e t i m e  and inverse ly  proport ional t o  the layer  thickness. 
When the l i f e t i m e s  become very large or the layer  thicknesses very small, the 
in jec ted  excess minori t y  c a r r i e r  d e m i  ty can exceed the magnitudes required for  
the low-level i n j e c t i o n  condi t ion t o  hold, as discussed before, and a t r a n s i t i o n  
t o  Auger dominated recombination can occur. Itius, a reduction of volume recom- 
b ina t ion  may no t  be achieved beyond the po in t  o f  t r a n s i t i o n  tc, Auger recombina- 
t ion. 
Thus, continued 
For the p r i n c i p l e  o f  the reduction o f  the recombination volume, only 
reduction o f  the l aye r  thickness has been discussed. 
t o  be p o t e n t i a l l y  e f f e c t i v e  only  i f  the device cross section For the l i g h t  
generated current  could be made d i f f e r e n t  from t h a t  f o r  the diode current. 
face area which contains a substant ia l  number o f  recombination centers 
Table V I ) .  While i n  p r i n c i p l e  devices can be made smaller, the reduction of the 
"open" surfaces i s  d i f f i c u l t  f o r  so la r  c e l l s ,  as the area i s  needed f o r  the 
absorption of photons from the inc ident  so la r  rad ia t i on  f i ux .  Optical concen- 
t r a t i o n  a lso may not  be a remedy t o  t h i s  s i tua t ion ,  as i t  leads t o  an increased 
l i g h t  generated current  density, which again can more eas i l y  d r i ve  the device 
i n t o  the kucjer recombination regime. 
An area reduction apleai-s 
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Surface area reduction can be very effective, however, where the contact 
areas are concerned, as these represent surfaces of high recombination rates. 
While means seem t o  be avai lab le t o  reduce the surface recombination ve loc i t i es  
a t  the open surfaces, p a r t i c u l a r l y  i f  they do no t  have t o  e f f e c t i v e l y  pass 
inc ident  photons, the contact recombination ve loc i t i es  do not  seem t o  be 
subs tan t ia l l y  reducib le  i n  p rac t i ca l  devices. Thus the approach i s  being 
pursued t o  reduce the weighted average surface recombination velozi ty, by 
reducing the area of high s and replacing i t  w i t h  an increased area of l o w  s .  
L imi ts  t o  the method are approached when the spacing between the areas of high 
surface recombination ve loc i t y  reaches the magnitude o f  the d i f f u s i o n  length. 
Also, when the i nd i v idua l  contact areas become very small, t h e i r  spreadiny 
resistance becomes substant ia l ,  so t h a t  they s t a r t  t o  make a s i g n i f i c a n t  
c m t r i b u t i o n  t o  the ser ies resistance. 
The next p o s s i b i l i t y  f o r  decreasing recombination rates involves a reduc- 
The f i r s t  approach t o  t h i s  i s  "shielding" these 
t i o n  of the number o f  excess minor i ty  ca r r i e rs  avai lab le i n  regions o f  higher 
recombination center density. 
areas by in terspers ing a su i tab le  step i n  the e l e c t r o s t a t i c  po ten t ia l ,  o f ten  
ca l led  a " h i g h / l m  junction," o r  a d r i f t  f i e l d  (Table VII). The e f f e c t  o f  
reduced recombination expresses i t s e l f  i n  the t ranspor t  ve loc i t y  f o r  minor i ty  
car r ie rs  across a rea l  o r  imagined boundary w i t h i n  a given region of the device. 
The reduction of the transport ve loc i t y  by the add i t ion  o f  a po ten t ia l  step i s  
equal t o  the negative exponential o f  the height  o f  the po ten t ia l  step or, 
expressed d i f f e r e n t l y ,  t o  the r a t i o  o f  the major i t y  c a r r i e r  concentrations a t  
the two sides o f  the po ten t ia l  step. 
Such po ten t ia l  steps can be incorporated i n  a semiconductor device i n  many 
d i f f e r e n t  foims. 
doping gradient. 
high/low junctions. Such po ten t ia l  steps may be "accumulation layers" near 
the surface o f  a device, and a r e  present p a r t i c u l a r l y  i n  the cases where an 
insu la to r  covers the surface of the semiconductor, p a r t i c u l a r l y  when i t  i s  
interposed between a metal and the semiconductor. 
the transport ve loc i t y  and should, therefore, be avoided. Going beyond deple- 
t i o n  leads t o  invers ion layers which ac t  more l i k e  f l o a t i n g  pn junctions 
which a lso have been proposed f o r  sh ie ld ing purposes i n  so la r  ce l l s .  The 
f loa t ing  junct ions seem t o  be most e f fec t i ve  when they a c t  as true"emitters," 
which means i n j e c t i o n  only  from the emitter, no recombination current  i n t o  the 
emi t ter .  This may be the only  b e n e f i c i r l  app l i ca t ion  o f  an "emi t ter"  i n  a so la r  
c e l l .  The f i n a l  form o f  a po ten t ia l  step i s  achieved i n  the t r a n s i t i o n  t o  a 
material w i t h  a d i f f e r e n t  bandgap, i.e., a wider bandgap. The t r a n s i t i o n  t o  
the wider bandgap laye r  i s  general ly arranged so t h a t  i t resu l t s  i n  a high/low 
junc t ion  o f  the proper d i rec t ion .  These wide bandgap layers, when applied t o  
the open p a r t  o f  the f r o n t  surface, are general ly designed so as no t  t o  c o l l e c t  
a s i g n i f i c a n t  amount o f  current, but  t o  transmit the photons t o  the ac t ive  semi- 
conductor volume. They are then ca l led  "window layers." 
They may be layers containing a d r i f t  f i e l d  r e s u l t i n g  from a 
When such layers a r e  re la t ive ly  th in ,  they are often ca l ied  
Depletion layers increase 
The use of po ten t ia l  steps has several l im i ta t i ons .  F i r s t l y ,  the use o f  
moderately high doping a t  the low side of high/low junctions, i n  order t o  
achieve a high open c i r c u i t  voltage (Voc), reduces the avai lab le step height. 
This condi t ion i s  fur ther  accentuated by the need t o  avoid the heavy doping 
e f fec ts  on the high side, which can ser ious ly  in f luence the device performance 





also d i f f i c u l t  t o  provide enocgh charge t o  adequately "accumulate" i n  a more 
heavi ly  doped semiconductor. An i tem t o  a lso watch i s  the capab i l i t y  f o r  
avoiding "absorpt ion wi thout  co l lec t ion"  i n  window layers. 
t r a n s i t i o n  between the ac t i ve  semiconductor and the window layer,  a h igh concen- 
t r a t i o n  of i n te r face  s tates can subs tan t i a l l y  increase recombination. 
A t h i r d  approach i s  t o  i s o l a t e  the ac t i ve  volume o f  the device from a 
region w i t h  a high recombinatiorl center densi ty  by in te rspers ing  an " i s o l d t i n g  
layer." i f  such ari interspersed laye r  i s  t h i cke r  than the d i fuss ion  length 
w i t h i n  it, then the t ranspor t  ve loc i t y  a t  the i n te r face  between the ac t i ve  
volume and the i s o l a t i n g  l aye r  i s  determined only  by the r a t i o  o f  d i f fus ion 
length t o  minor i ty  c a r r i e r  l i fe t ime,  and i s  p r a c t i c a l l y  independent o f  the 
t ranspor t  ve loc i t y  a t  the other  boundary o f  the i s o l a t i n g  layer ,  which, e.g., 
may be the high e f f e c t i v e  surface recombination ve loc i t y  o f  a metal/semiconduc- 
t o r  in ter face (Table V I I I ) .  
i s o l a t i n g  l aye r  i s  t ha t  the L/T r a t i o  has t o  be adequately high, c e r t a i n l y  
higher than t f e  t ranspor t  ve loc i t y  a t  the outside boundary o f  the i s o l a t i n g  
layer. 
severely degrade the c o l l e c t i o n  ef f ic iency.  
I n  addi t ion,  a t  the 
The l i m i t  t o  the e f fec t i vL iess  o f  such an 
A ~ s G ,  if such an i s o l a t i n g  layer  i s  placed i n  the op t i ca l  path, i t  can 
More and more use i s  being made o f  such i s o l a t i n g  layers.  They appeared 
f i r s t  i n  connection w i t h  the high/low junct ions appl ied i n  the base of so la r  
ce l l s ,  which f requent ly  go under the name "BSF structures."  The use o f  such 
i s o l a t i n g  layers has also been proposed f o r  the f r o n t  region of the device, 
where they arc  l i m i t e d  t o  the area shaded by the ohmic contacts (Fig.  l o ) ,  whi l e  
another recent high e f f i c iency  design uses an i s o l a t i n g  l aye r  i n  the base wi th-  
out  app l i ca t ion  of the high/low junc t ion  ( F i a .  11). 
A comnonly used approach t o  reducing the densi ty o f  i n jec ted  excess 
i s  inverse ly  propor t ional  t o  the ma jo r i t y  c a r r i e r  
A t  the open c i r c u i i  condi t ion,  
I 
minor i ty  car r ie rs ,  e.g., 
np,o (Table IX) .  
concentration and :h!equently the dopant concentration. This reduces the 
saturat ion current,  and y i e l d s  a higher VOC. 
however, the excess minor i ty  c a r r i e r  concentrat ion i s  returned t o  the same 
value as present i n  the case of lower dopant concentration. The l i m i t s  of 
achieving improvments through higher dapant concentrations are reached by the 
onset of Auger r z c m b i  nat ion,  and deleter ious e f fec ts  are experienced 
through bandgap narrowing. 
, and t o  consequently achieving higher open c i r c u i t  i 
vol tages , i s t o  decrease nE t e thermal equi 1 i b r i  urn m i  n o r i  ty c a r r i e r  concentrat ion 1 
A f t e r  a l l  these avenues ava i lab le  through device s t ruc tu r ing  p o s s i b i l i t i e s  
are exhaust?d, then the only  recourse l e f t  f o r  the reduct ion of recombination 
becomes the decredse of the recombination center densi ty i t s e l f  (Table X). 
For those o f  these centers which are located i n  the volume o f  the mater ia l  
(bulk centers) , the i n t e r e s t  focuses on the o r i g i n a l  mater ia l  processing 
( c rys ta l  growth), and on the fu r the r  r o l e  o f  these prev ious ly  introduced centers 
dur ing device processing. I n  the o r i g i n a l  mater ia l  processing, a t ten t i on  needs 
t o  be d i rec ted  t o  the reduced incorporat ion o f  impur i t ies  which cause recmbina-  
t i o n  centers; t o  the avoidance o f  c rys ta l  defect  in t roduct ion,  
p a r t i c u l a r l y  through contro l  o f  the thermal environment dur ing c rys ta l  growth; 
t o  the ro les  of oxygen and carbon which are present i n  the s i l i c o n  i n  r e l a t i v e l y  
high concentrations; and t o  the formation o f  defect  complexes, and p a r t i c u l a r l y  
t o  t h e i r  ro les  i n  forming o r  neu t ra l i z i ng  recombination centers. 
0 
Y 
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The second area, device processing, i s  equal ly  important fo r  the reduct ion 
o f  the recombination center densi ty  i n  the f i n a l  device. The f i r s t  and most 
obvious po in t  o f  a t ten t i on  i s  the prevent ion o f  the i n t roduc t i on  of new l i f e t i m e  
k i l l i n g  impur i t ies .  A second approack i s  t o  remove e x i s t i n g  defects i n  the 
mater ia l  a t  various stages dur ing the device process, using treatments which 
are general ly connected wi th the name "getter ing."  One o f  the major problems 
i n  device processing, p a r t i c u l a r l y  dur ing the app l ica t ion  o f  h igh temperature 
processes, i s  the t ransformat ion o f  e x i s t i n g  i n a c t i v e  defects i n t o  recombination 
centers. On the o t h t r  hand, i t  i s  des i rab le t o  f o s t e r  the t ransfcrmat ion o f  
recombination centers t o  e l e c t r i c a l l y  i nac t i ve  defects. These transformations 
may invo lve  changes i n  e x i s t i n g  complexer, o r  the formation o f  new ones. 
transformations are o f ten  connected w i t h  the name ''passivation," and one o f  
the major open questions i n  t h i s  area i s  the r o l e  which hydrogen can play. 
The 
Somewhat re la ted  t o  the question o f  reducing the bulk  recombination center 
densi ty i s  t h a t  of deal ing wi th the surface recombination centers. What i s  meant 
here i s  the dctual  reduct ion o f  the densi ty  o f  recombination centers a t  the 
surface, ra the r  than the e f f e c t  o f  a reduced surface recombination ve loc i t y  
which o f ten  i s  connected wi th  the i n t roduc t i on  o f  a po ten t i a l  step j u s t  below 
the surface (Table X I ) .  The usual recombination center densi ty  o f  untreated 
S i l i c o n  surfaces i s  i n  the 1015 cm-2 range. This number happens t o  be near 
the densi ty of dangling bonds which would be expected t o  e x i s t  a t  a perfect  
s i l i c o n  surface. If these dangling bonds should ac tua l l y  be responsible for  
the recombination centers, then the quest ion ar ises o f  how these dangling bones 
i n t e r a c t  wi th o ther  chemical species, and p a r t i c u l a r l y  which of these i n t e r -  
act ions w s u l  t i n  a substant ia l  decrease i n  the recombination center concentra- 
t ion .  
t raps whick a c t  as recombination centers. 
may lead t o  the methods f o r  e f f e c t i v e l y  avoiding the i n t roduc t i on  of these 
defects, o r  f o r  t h e i r  e l iminat ion,  once they are i n  existence. 
I n  addi t ion,  there i s  the quest ion o f  which other  defects form surface 
D e f i n i t i v e  answers t o  these questions 
The whole question complex on the reduct ion of the recombination center 
densi ty leads t o  the conclusion t h a t  considerable progress i n  the s i l i c o n  
mater ie l  science i s  needed, as we l l  as i n  the technology o f  c rys ta l  preparat ion 
and o f  devi ce processing . 
The preceding discussions lead t o  the conclusion t h a t  a high e f f i c iency  
so la r  c e l l  design w i l l  by necessity combine a t  l e a s t  several o f  the methods 
known f o r  the reduct ion o f  recombination (Table X I I ) .  I t  w i l l  f u r t h e r  have 
t o  s t r i k e  the r i g h t  compromise between the c o n f l i c t i n g  design requirements, as 
a p a r t i c u l a r  method may improve ce r ta in  a t t r i b u t e s  o f  the device, bu t  have a 
necjative impact on others. And f i n a l l y ,  a l l  the second order e f fec ts  need t o  
be included i n  the desiqn considerations, and the best ava i lab le  technologies 
f o r  t h e i r  reduct ion be appl ied i n  order t o  achieve the highest e f f i c i e n c y  
ext ractable from the s i l i c o n  so la r  c e l l .  The general h igh e f f i c i ency  design 
concept, thus, w i l l  pursue the two-pronged approach o f  decreasing the recombina- 
t i o n  loss o f  minor i ty  carrier,, and p a r t i c u l a r l y  t ha t  of the ca r r i e rs  i n jec ted  
under forward bias,  and of simultaneously reducing a 1  1 the secondary e f f e c t s  
t o  near neg l i g ib le  values. Several cel; design approaches seem t o  e x i s t  for  
each o f  these performance a t t r i bu tes ,  and the designer w i l l  have t o  s3 lec t  those 
which w i l l  y i e l d  the highest ove ra l l  device performance, dhen appl ied i n  
combination. And, o f  course, t h i s  device w i l l  have t o  be fabr icated a t  a 
compe ti t i  ve pr ice.  
! 
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CONCLUSION 
I t  has been seen tha t  the achievement o f  higher e f f ic ienc ies i n  s i l i c o n  
so lar  c e l l s  depends on the reduction o f  a l l  secondary losses t o  neg l i g ib le  
values, which i s  about possible w i t h  current  technology, and then on the reduc- 
t i o n  of minor i ty  c a r r i e r  recombination (summarized i n  Table X I I I ) .  For the 
l a t t e r ,  four p r i nc ipa l  approaches are avai lable, three of which are essent ia l l y  
remedial, handled through device design, and oce i s  fundamental, namely the 
reduction of the rec3mbination center Jensi+y. 
A l l  the reduction o f  recombination v ia  recombination centers w i l l  on ly  lead 
t o  the dominance of Auger recombinatinn, which appears t o  impose the u l t imate 
p rac t i ca l  l i m i t a t i o n  on so la r  c e l l  e f f i c iency .  As there e x i s t  s t i l l  some doubts 
on the magnitude c f  the Auger coef f i c ien ts ,  t h i s  u l t ima te l y  achievable e f f i c i -  
ency can a lso no t  be ce r ta in  a t  t h i s  time. 
w i l l  be needed t o  gain the complete understanding o f  the band-to-band recombina- 
t i o n  effects which carry Auger's name. 
Some ra ther  fundamental research 
Several of the ''remedial" methods f o r  reduction o f  recombination invo lve 
high major i t y  c a r r i e r  concentrations. The onset o f  Auger recombination tends t o  
force the e f f i c i ency  versus c a r r i e r  concentration curves towards zero slope, 
and the onset o f  bandgap narrowing then t o  a negative slope. Again, the bandgap 
narrowing e f fec t  does not seem f u l l y  explained, w i t h  the r e s u l t  t ha t  the various 
bandgap models i n  existence now lead not  only t o  d i f f e r e n t  so la r  c e l l  perfor- 
mance expectations, bu t  a lso t o  d i f f e r e n t  c e l l  designs f o r  optimum performance. 
Again, fundamental research i s  needed. 
Outside o f  these fundamental . ;earch needs, substant ia l  s i l i c o n  materia 
research, both bu lk  and surface, w i l l  be needed t o  reach subs tan t ia l l y  higher 
e f f i c i ency  leve ls .  And then we should not  f w g e t  the inventiveness which cou 
br ing  forward new, more e f f e c t i v e  remedial design concepts. 
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Table I 1 1  
Photon Flux 4 4 4 4 4 4 4 4 4 
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0 "ISOLATING" FROM HIGHER REWHBINATION RATE 
(FOR nWl1) 
FOR V, 
0 HIGH DOPANT CONCENTRATION 






(I I E .  THICKXSS OF IAYERS) 
Id = I for Vw: VARIABLE 
L c m: 
n - Pp,o 
P 1  
NO U)NGSR Iwr LEVEL INJECTION 
1 
D --
' A u g e r  3 < IS-R-8 
CAuger(Pp,O p 
(AREA RLDUCTIOW COULD BE EFFECTIVE ONL *, IF ;/jL 
\ 110 COULD BE aiANGED. W l f t i  id/IL C0hTANT. j  Table V 
i 
69 I 
! ' I a;? 
I 
i 
LIMIT:  0 NEEDED FOR PHOTW ABSORPTION 




U T l L  E AMRAGE EFFECTIVE 8: 
L IX ITS:  0 LESS EFFECTIVE WHEN SPACiN6 < L 
0 SPREADING RESISTANCE INCREASES R, 
Table VI; 
Table V I  
-urn: 
GENERALLY REDUCES TRANSPORT VELOCITIES (FOR RECmlNATION CURRENTS) 
qA (EF-€") 
p (x  1 _ -  "1  e kT = yj; (FOR p-TYPE, 




I I  I 
high 
5 
0 DRIFT FIELD REGION? 
0 HIGH/LOU JUNCTiONS 
0 ACCUMULATION IAYERS (USUALLY UNDER INSULATORS. INCLUDING "TUNNEL CONTACTS"). 
0   FLOATING^ pn JUNCTIONS (OR INVERSIJN LAYERS). 
0 BANDGAP CHANGES (USUSUY &EG WITH (IIGH/LOW JUNCTION. "WINDOW LAYER"). 
LUllIs: 
0 
ABSORPTION W/O COLL~CI ION I N  .WIND ' LAYERS." 
0 
INC?EASED DOPING AT mLoW" SIDE REDUCES AVAILABLE STEP HEIGHT. 
UHEAW DOPING' EFFECTS OK " H I G H  SIDE" L I M I T  USErUL STEP HtlGHT, 
















d L L  
ADEOUATELV H I M (  L/T .  
AFFECTS COLLECTIOII EFFICIENCY, 
I F  IN IPT ICAL  OATH. 
Table X 
HICHDOPRllTm Table VI11 
V = R I G H  IF n = S W :  
P *O 
UMIIS: 
HEAVY DOPING EFFECTS. 
Table I X  
R E D U C E  V O L U f l E  R E C O t l B I W A T I O N  C E W T E R  D E N S I T Y :  
0 ORIGINAL MATERIAL PROCESSIIIG: 
- FEWER I W U R l T l E S  
- ROLES OF OXYGEN. CAREON? 
- FEWER CRYS;..L DEFECTS (THERMAL ENVIRONMENT I N  X-TAL GROWTH?) 
- ROLES OF MFECT COMfLEXES 
0 DEVICE PROCESSING: 
- NO NEW IMPUSITV iNTR3DUtTIOW 
- kEMOV€ EXISTING DEFECiS (6ElTERIN6) 
- A M I D  TRAkSFOkMTION OF DEFECTS TO RELOHBINn-a ION CF"TERS 
(EFFECTS OF THERMAL PRCCESSES?) 
DEF, t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ :  CHANGES OF COMP~EXES?: ROLE OF wh GEN?) 

















THE EXXON HIGH EFFICENCY DESIGN 
Figure 1 I 
72 \ . 
R E D U C E  S U R F A C E  R E C O K B I N A T I O R  C E N T E R  D E N S I T Y :  
0 PASSIVATION OF DAN6L1N6 BONDS. 
(WlCti LAYERS ARE W E  EFFECTIVE I N  REDUCING So, WHICH 
IN SUPPORTING ACCUMULATION LAYERS?) 
0 WHAT OTHER DEFECTS FORM SURFACE TRAPS 
(HO) CAN THEY BE AVOIDED OR ELIMINATED?) 
Table X I  
I 
I 
- t  
i 
0 COMBINES SEVER4L OF THE METHODS FOR REDUCTION OF RECOMBINATION. 
0 STRIKES THE RIGHT COMPROHISE BETWEEN CONFLICTING DESIGN REQUIREMENTS. 
0 REDUCES A L L SFCOND ORDER EFFECTS, 
Table X I 1  
73 


































































































































































































































































































































































SPITZBR: Given all the tradeoffs on $rid design, passivation, and the other 
things that are necessary to make a 20% efficient cell, the question is, 
can screen-printed contacts be used for the 15% module, or will they not 
offer enough for high-efficiency features? 
WOLF: I have been talking against screen printers at a number of meetings. 
The biggest problem I see in thsm is that in screen printing and sinter- 
ing you don't get better resistivity or better conductivity. W e n  with 
silver it seems you get conduct.vitg only about one-third, in general, of 
what you get if you electroplate or deposit silver. You are limited by 
how thick you can make the layer in one pass. 
becomes limited by the bulk conductivity you can get. 
is, you cannot make them very narrow. 
achievable with today's technology. 
against screen-printed contacts. 
The sheet resistance 
The second prcblem 
It seems that 5 mils might be 
These ars the two things I see 
SPITZER: Then, probably no. 
WOW: I would think if you go for high efficiency, at least consider a 
secondary later. 
make high efficiency, so let's use the best technology we know we can 
apply to get to high efficiency. then later let's think of how can we 
make them cheaper. 
I always find the first thing is to show we can really 
Now I want to i ,roduce the next speaker. Here is a little contradiction. 
I have been saylng that all the secondary problems are minor, our current 
technology is s?lved; just worrs about recombination. 
Solavolt is going to tell us about all the problems that still exist in 
trying to make ;ow-resistance contacts. So, basically, I guess it is not 
easy, and the-1 are still a lot o f  problems connected with it. 
Arnie task from 
75 
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